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THE EARTH'S GRAVITY FIELD

Robert S. Carmichael, Ph.D.
Department of Geology
University of Iowa
Iowa City, Iowa 52242
Introduction
" . . . Curtis Harnack'sLimits of the Land, a convincing, brooding novel of life on a small
Iowa farm during the 1940s, is a rarity whose value extends beyond its considerable
literary strengths ... (His) sense of the farmer's ineluctable journey through time gives
depth and gravity to his book."
from a review of a new book, in TIME magazine
January 29, 1979

Curiously, books in Iowa have more "gravity" effect in them than
even TIME suspected. In fact, due to gravity effects in the State,
a) the same book would weigh less in Des Moines than it would in the
town of Anita, 50 miles (80 km) to the west.
b) a quick way to lose weight is to travel from the north-central Iowa
town of Blairsburg to the nearby town of Wellsburg.
c) if the Olympics are ever held in Iowa, the best sites for the athletes
to compete would be the southwest towns of Shenandoah or, more
appropriately perhaps, Gravity (population 280).
The explanation begins 300 years ago. In 1665, the Plague was
spreading northward from London England. Isaac Newton, at the
tender age of 23, interrupted his schooling at Cambridge to seek refuge
in the countryside. While there, he conceived his law of gravitation,
namely that there is a force (F) of "attraction between any two masses
(say, "m" and "M") which decreases as the square of the distance (R)
between their mass centers. That is,

where G is a universal constant.
The resulting "force field," which exists simply because a mass exists,
will cause another mass to undergo an acceleration "a". The acceleration, proportional to the force per unit mass, is called "g" ifit is due to
the Earth's gravity field. That is,
a =

£.
m

=

G M

=

"g"

R2

where now Mis the Earth's mass and R its radius. Gravity, then, is a
force per unit mass (in dynes/gm), or equivalently the acceleration that
would be given to a mass. The unit of acceleration is lcm/sec 2 (or "gal",
after Galileo). Gravity on the Earth's surface is about 980 cm/sec 2 • A
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convenient unit is the milligal, and thus the gravity field is about g =
980,000 milligals.
"Mass" is an inherent property of a body. "Weight" is the measure of a
force acting on the body. Typically, this force is the gravitational force
or "pull" of the Earth. Thus a constant mass has a weight that differs
depending on the variation in the local gravity force. When we eat too
much, we gain weight; this is because of the additional body mass which
has weight inasmuch as it's in the (constant) gravity field of the Earth.
We can also "gain weight," without adding mass, ifwe are subjected to a
stronger gravity field . For example, since the gravity force on the
Moon's surface is only 116th what it is on the Earth's surface, you would
weigh 116th as much there. Since a reduced "weight" would relieve a
person of part of the encumbrance of the downward pull of gravity, he
could jump higher and farther. Thus the astronauts could hop around
with great bounds, and hit a golf ball many times farther than on Earth.
Variation of Normal Earth's Gravity

How does gravity, a geophysical force field experienced as the downward pull under which we live and which gives us "weight," vary over
the surface of the Earth? F igur e 1 illustrates this. There is gravity
pulling us toward the center of the Earth. This force depends on the
radius Rand mass M of the Earth. However, the R varies with latitude
since the Earth is not truly round. It is an oblate ellipsoid, having an
equatorial bulge and flattening at the poles because of the Earth's
rotation. The average equatorial radius is 6378 km (3964 miles); the

Figure 1. Variation of gravity with latitude, for the Earth . .fl is angle of latitude,w is
rotational velocity of Earth.
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average polar radius is 6356 km. The small difference is still important
for gravity effects. Since the radius is larger at the equator, and gravity
falls off as 1/R2 , the gravity force is smaller there. Further, the downward gravity is partly opposed by the upward component of centrifugal
acceleration, arising since the Earth is rotating. This acceleration is
greatest when "r" is largest (i.e., at the equator), and decreases towards
the poles as r decreases to zero (see Figure 1). Thus this effect also
results in the net downward gravity increasing as one goes from the
equator to the poles.
As a result, at mean sea-level on a "smoothed" ellipsoidal Earth,
gravity at a latitude (I varies as
g(I = g equator (1

+ B sin 2 (1 - C sin 2 2(1)

where gequator is the gravity at the equator (in cm/sec 2 , or gals), and B
and C are constants.
Using current data on the size and shape of the Earth as refined by
satellite studies, there results an International Gravity Formula (1967),
g 0 = 978.0318(1

+ .0053024 sin 2 (1 - .0000059 sin 2 2(1)

Substituting values oflatitude for the pole ((I = 90°) and equator ((I= 0°),
we have
location

gravity (cm/sec 2 )

pole
equator

983.223
978.032

The difference is 5.191 cm/sec 2 , or 5191 milligals. Thus the normal (and
sea-level) gravity force increases by 0.53% from the equator to the
poles. This change will affect any phenomenon which is influenced by,
gravity. In fact, the effect was discovered by early European mariners
who noted that their clocks gained time when they sailed northward,
and lost time when they sailed southward. This was because the timekeeping was done by pendulum motion, and the period of oscillation of a
pendulum depends on the local downward force of gravity.
Another effect will be on sports records, as in track and field. For
example, it is reasonable that some event performances will depend on
the local pull of gravity. If gravity decreases by, say 1%, then one should
be able to throw 1% farther or jump 1% higher or farther. Table 1
considers some Olympic sites, and the relation of their latitude and thus
local gravity to sports records. For simplicity of comparison, consider
the normal "expected" gravity (calculated from the above formula) as at
mean sea-level. All the sites are in fact near sea-level, except for Mexico
City which has an elevation of 2300 meters. The latter has its gravity
further decreased because it is farther from the center of the Earth than
sea-level is, but this effect is partially counteracted by a gravity in-
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crease due to the extra rock layer between sea-level and 2300 meters. In
the Table, the reference records are world-class distances as they would
be performed in Des Moines or Iowa City, both at a latitude of 41. 6°N.
For sites north of Des Moines, gravity is greater and so "equal"
performances produce reduced distances; to the south, increased distances. The net difference, for example, between the same world-class
shot-putting in Helsinki and at the equator is 3-4/10 inches.

Table 1
Variation of sports performances from "standard" at Des Moines/Iowa
City, due to change in Earth's gravity with latitude.
Location

Olympics

Latitude "normal" g
gravity
(all North)
(gals)

983.223
90°
pole
981. 917
60°
1952
Helsinki
480
980.890
1972
Munich
980.312
41.6°
Des Moines/
Iowa City
34°
979.648
Los Angeles 1932, 1984
978.126*
19°
1968
Mexico City
oo
978.032
equator
difference, Helsinki to equator:

long jump

event
shot put

javelin

28' 10.97" 71' 9.4" 319' 0.6"
5.7
10.6
11.43
9.7
11.5
11.8
320'
72'
29'
0.24
0.78
0.81
1-4/10"

0.6
1.9
2.0
3-4/10''

2.6
8.6
8.9
15-2/10"

*includes effect for gravity reduced at elevation (2300 meters above sea-level)

Gravity Anomalies in Iowa
Apart from the "normal" variation of gravity over the Earth's surface, there are variations in local gravity due to geologic inhomogeneities in the Earth's crust. The cause is density differences between
different rock types, and the structural arrangement of the layers and
bodies. For example, the density of basalt is 2.87 gm/cm 3 , and of
limestone is about 2.3 gm/cm 3 • Thus a block of basalt emplaced in a thick
section oflimestone results in an "excess mass." This gives an increased
gravity force locally on the Earth's surface over the basalt block. The
distortion of the expected regional Earth's field is referred to as a
gravity "anomaly."
The gravity anomaly field of the Earth can be mapped by measuring it
at different sites. This can be done using a gravity meter, illustrated in
Fi,gure 2. This instrument measures the local gravity force field, with a
sensitivity of .01 milligal - that is, down to 1/100,000,000 of normal
Earth's gravity. The data are then corrected for the effects such as
different latitude and elevation. The resulting gravity anomaly map
portrays the variations of surface gravity from the regional value, due
6

to the distribution of different rock types and geologic structure in the
subsurface.

Figure 2. Gravity meter , for measuring local Earth's gravity field. Graduate students
Susan Hudson Heathcote, from Stratford Community High School in central
Iowa, and Steven Daut from Muscatine High School. Susan's current work
includ~s mapping th e anomalous gravity in north east Iowa, in a study of buried
~eologic struct~e and potential ore deposits; Steve's is a study of the Midcont11?ent Anomaly m southwest Iowa to help interpret faulting and the relation to
mmor earthquake activity.

Much of North America has been gravity surveyed. A simplified
version of the anomaly map for Iowa is shown in Figure 3. The reference
level of "zero anomaly" is arbitrary, but is about the average Earth's
field of980,000 milligals. The other contour lines show the geologicallycaused departures of gravity from the expected or "normal" Earth's
field. They are labelled in milligals, and range from +60 to -100. For
simplicity, the map represents gravity at some constant elevation.
The dominant feature on the map is the "gravity high." This is the
central length of the Midcontinent Gravity Anomaly, a sinuous trend of
high gravity force that extends about 1000 km (600 miles) from Lake
Superior southwest through Minnesota, Iowa, and into southeast Nebraska. This gravity anomaly - a central "high" flanked by parallel
"lows" where gravity is less than the regional value - is the most
spectacular and concentrated anomaly on the continent, and Iowa sits
directly astride the most prominent portion of it. The biggest variation
of gravity over a short distance in North America is found on a line
running west to east from Fort Dodge to Waterloo, in north-central
Iowa. The highest central gravity, over +60 milligals, occurs near the
community of Blairsburg (pop. 280), and the lowest gravity, less than
7

-100 milligals, occurs 40 miles away near Wells burg (pop. 750). The
total difference of about 170 milligals is one part in 5760 of the average
Earth's gravity. It gives these two unsuspecting communities, nestled
serenely in central Iowa, a distinction that can be claimed nowhere else
in the country. A 180-lb person can drive from Blairsburg to Wellsburg
and lose halfan ounce of weight. Immediately, painlessly! No dieting, no
exercise! A larger body, or mass, would lose more. For example, if a
30-ton brontosaurus could be induced to trudge the distance, it would
"lose" 10 pounds.

Figure 3. Gravity anomaly map of Iowa, showing deviations from normal or expected
gravity, due to differences in density and structure of deeply-buried rocks.
Lines are contours of gravity field , in milligals. Shaded areas have gravity
higher than reference zero.

Since gravity is less in Wellsburg, you could similarly jump higher
and throw farther there. A javelin throw of300 ft in Blairsburg would go
% inch farther in Wellsburg. The effect is reversible, of course. When
you drive back to Blairsburg, you "regain" the lost weight completely,
and your javelin throwing is back to 300 ft.
To achieve a minimum gravity field in the State, let's say to pick a site
for the Olympics here where performances would be optimized, we
would want to be in a gravity anomaly "low" and also be towards the
south because of the variation of gravity with latitude. A likely prospect
would thus be Shenandoah (pop. 6000) in the southwest corner of the
State. Or, almost as good and more appropriately, the nearby small
town of Gravity. Since the latter's population is only 280, phone ahead
for motel reservations if the Olympics come.
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The gravity anomaly is a geophysical signature of the buried geology.
In fact it was the gravity surveying that indicated the existence of
something extraordinary; the deep structure is hidden under a few
thousand feet of sediments and a surficial veneer of glacial debris.
Geological and geophysical research has now outlined the cause of the
Midcontinent Gravity Anomaly. It originated from an event that happened within the crust of the Earth here, over 1 billion years ago. It was
then that the ancient continent began to split apart, much like is happening today in the East African Rift Zone. There was a great seam,
perhaps 100 km wide and 1000 km long that was trying to spread the
Earth's crust apart. In the process, massive amounts of dark volcanic
rock (basaltic lava) were intruded up into the fracture. The restless
Earth then grew quiet along the rift, and the huge scar was covered by
thick layers of sediment. Subsequent adjustment left the present condition: an elevated elongate core block of dense rock, flanked by narrow
deep basins of less dense sedimentary rock, and the whole structure
covered by younger sediments. Because of the different gravitational
attraction due to the density (and thus rock mass) variations, the local
gravity field, or "pull," is higher than average over the central block and
lower than average over the basins.
Iowa has the largest short-distance variation in anomalous gravity of
any state. One could thus stretch a point to infer that it is possible for a
"heavy"weight wrestler to become a "light"weight by simply moving
from the region of the Midcontinent Gravity Anomaly to a place where
the gravity is less due to different geological rock type and structure in
the subsurface. Thus, one's weight would decrease (slightly!) while
one's mass and strength stayed the same. Wrestling is a sport which
depends crucially on relative weight. It is curious that there is relatively
less gravity (gravity "lows" in Figure 3) at the sites of three of the very
best college wrestling teams in the country - Iowa State, at Ames
north of Des Moines; Northern Iowa, at Cedar Falls east of Wellsburg;
and Iowa, at Iowa City, which has been NCAA wrestling champion for
four of the past five years. It is untrue that the national success of Iowa
wrestling is all because of a fortuitous geological advantage!
Supplementary Reading
Jacobs, J ., R. Russell and J.T. Wilson (1974), Physics and Geo logy, 2nd edition,
McGraw-Hill Co.
Sharma, P. (1976), Geophysical Methods in Geo logy, Elsevier Pub!. Co., New York/
Amsterdam
Questions

For simplicity, assume a reference gravity field at sea-level, and that locations are at
equivalent elevations.
1. Due to the variation with latitude of the Earth's normal gravity field, how much weight

would be gained
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a) in going from the equator to the pole for a 160-lb man? 120 lb woman? 30-ton
brontosaurus dinosaur?
b) in going from Keokuk Iowa (latitude 40.4°) north to Decorah (latitude 43.3°) for a
140-lb person?
2. What would be the difference in performance, due to the variation in gravity, between
Helsinki and the equator, for a world-class high jump of7'6" at Helsinki? Pole vault of
18 ft? Baseball hit of 450 ft?
3. A 145-lb wrestler drives from Blairsburg to Wellsburg. The difference in gravity
anomaly is 170 milligals. How much weight does he "lose"?

Answers
1. (a) weight gain is 385 gm or 13.6 ounces
160 lbs x 983.223 - 978.032 mgals
978. 032 mgals
10.2 ounces; 318 lbs for the dinosaur
(b) (see 1967 Gravity formula);

g Keokuk= 980 ·2044 mgals, g Decorah =
980.4651; weight gain is 0.6 ounces
(l40 lbs x 980.4651 - 980.2044
980.2044
2. (see Table 1 for ratio of g, i.e. 981.917/978.032); increase at the equatorof0.9 cm (about
% ") for high jump; 2.2 cm (about 3/s ") for pole vault; 54 cm (about 21 ") for baseball hit
170
3. 0.4 ounces (
about 980,000

x 145 lbs)

***
A Word About Wood .
The annual per capita consumption of wood in the United States is 65
cubic feet . This is equivalent to seven trees, ten inches in diameter and
fifty feet tall for every American. The tonnage of wood consumed
exceeds the total tonnage of steel, plastics, non-ferrous metals and
Portland cement combined. It has been predicted that 95% of our
petrochemical feedstocks could be derived from wood instead of petroleum.
H.M. Barnes

Associate Professor of Wood Science and Technology
Mississippi State University
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